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1
METHOD FOR SURFACE PROCESSING A
ZIRCONIUM OR HAFNIUM ALLOY, AND
COMPONENT PROCESSED IN THIS
MANNER

The invention relates to the field of zirconium alloys, used
in particular as components for fuel assemblies for light water
nuclear reactors, in particular as fuel claddings, or structural
guide tubes, or planar elements of those assemblies such as
grid plates or bands. It also relates to hafnium alloys, which
are used in particular to constitute control rods in light water
reactors, for example, as components which absorb the neu-
trons of control clusters for pressurised water reactors or
control crosses for boiling water reactors.

BACKGROUND

It will be appreciated that the fuel assembly of a light water
nuclear reactor of the pressurised water type (PWR) or boil-
ing water type (BWR) is composed in particular of a bundle of
“rods”, that is to say, claddings containing pellets based on
uranium oxide constituting the fuel, and various structural
components bringing about positioning and mechanical
retention of the rods and the handling thereof (guide tubes,
retention grids, springs, housing, water duct, etc.). The clad-
dings and at least some of the structural elements are con-
structed of zirconium alloy, that element having the advan-
tage of allowing neutrons to pass, and also of being able to
have the mechanical properties and corrosion resistance nec-
essary in the media involved when the alloy elements and
their contents are advantageously selected.

Among the zirconium alloys conventionally used, the fol-
lowing non-exhaustive examples may be set out:

alloys which are referred to as “Zircaloy” and which con-
tain in particular tin, iron, chromium, oxygen and, in some
cases, nickel;

Zr—Nb alloys such as M5® from the company AREVA
NP, which contain approximately from 1 to 2.5% by weight of
niobium, or also other elements, in particular such as oxygen,
iron and tin.

Those compositions are given only by way of example, as
an indication of one of the preferred contexts of the invention,
it being applicable to zirconium alloys of all precise compo-
sitions, and also hafnium alloys, as will be seen below.

Similarly, it will be appreciated that, in order to adjust the
reactivity of the core of the nuclear reactor during operation
of'the reactor, the elements absorbing the neutrons are moved
inside (PWR reactors) or between (BWR reactors) some
assemblies of the core in a vertical position, either in the
insertion direction or in the removal direction, so as to intro-
duce a greater or lesser length of the absorbent portions into
the assemblies of the core. The control rods for pressurised
water reactors are constituted by a support which is generally
designated “spider” and a bundle of absorbent rods which can
slide inside the guide tubes of the assembly. They are referred
to as control clusters.

An absorbent rod can be constituted by a tube of hafnium
optionally containing another absorbent material, or a bar full
of hafnium.

The control rods of a boiling water reactor are generally in
the form of plates which are assembled in cross-like form and
are capable of sliding between the housings of the fuel assem-
blies. The plates may be of an absorbent material (hafnium),
or be of steel and comprise inserts of absorbent materials (for
example, B,C or hafnium). They are generally referred to as
control crosses.
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Hafnium is the metal absorbing neutrons originally used
for control clusters of civil and naval reactors. Although sub-
sequently reserved for military use, today it is increasingly
used as a neutron absorbent in light water reactors, its avail-
ability having increased greatly with the development of zir-
conium alloys. Hafnium is present at a ratio of from 2 to 4%
in zirconium ore, and must be separated therefrom owing to
its great neutron absorption. Therefore, it constitutes a by-
product of the production of zirconium alloys, and its use in
control clusters of reactors allows its value to be exploited.

Hafnium has the advantage over other absorbent materials
of having excellent compatibility with the primary coolant
and it can therefore be used without cladding. It can be used
in the pure state or in a weakly alloyed state with elements
such as tin and/or oxygen in order to increase its mechanical
characteristics, iron, chromium and/or niobium in order to
increase its corrosion resistance, and molybdenum in order to
increase its wear resistance. Finally, owing to the difficulties
involved in separating hafnium and zirconium, it may com-
prise up to 2.5% of residual zirconium, preferably a maxi-
mum of 1%.

Both for zirconium alloys and for hafnium and its alloys,
the chemical properties (such as resistance to various types of
corrosion by water from the reactor coolant system) capable
of continuing depending on the conditions of use of the alloy:
nodule corrosion, general corrosion, corrosion under stress,
corrosion under irradiation, etc.) and mechanical properties
(tensile strength, elastic limit, flux resistance, friction and
wear resistance, etc.) which are desirable are in particular
obtained by coordinating the selection of the alloy elements
and the contents thereof and the selection of the thermal and
thermomechanical processing operations undergone by the
alloy ingot during the production of the element, such as
spinning, laminating and/or drawing operations, quenching
operations, annealing operations, various surface polishing or
finishing operations.

The corrosion of a cladding of zirconium alloy becomes
evident, for example, owing to the formation of a layer of
zircon ZrO,. It brings about a loss in mass of the metal and
therefore a reduction in the outside diameter of the metal
cladding, and also a substantial modification of the thermal
characteristics thereof because zircon is ten times less con-
ductive than the base metal. That oxidation also becomes
evident as the formation of hydrogen, a portion of which
becomes diffused in the cladding and forms hydrides which
embrittle it. It also modifies the friction properties of the
surface of the cladding. It further modifies the properties of
resistance to wear of the surface of the cladding. It further
modifies the nucleation sites of the deposits which crystallise
from the heat exchange fluid (which deposits are convention-
ally referred to as “CRUD”, which is an acronym standing for
Chalk River Unidentified Deposit) and may bring about an
increase in the quantity of those deposits. It also diminishes
the friction conditions of the fluid over the surface, which has
a detrimental effect on the pressure drops of the assembly.
Finally, it modifies the nucleation of bubbles of vapour, and
therefore the thermo-hydraulic behaviour during exchanges
between the rod and the heat exchange fluid.

During the production and assembly operations of the fuel
assemblies, superficial defects, such as scratches or local
microdeformations, are formed on the claddings, produced in
particular by friction to which the fuel rods are subjected
when they are inserted in the skeleton of the fuel assembly.
Those initial superficial defects may aggravate subsequent
deterioration of the corrosion or wear behaviour.

Damage may also become evident during operation in the
event of contact of the rod and the support elements thereofin
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the grids, and owing to migrating bodies which become
trapped in the grids and strike the cladding. During operation
of the nuclear reactor, the coolant water which flows with a
high upward speed in the core brings about small oscillating
movements of the nuclear fuel rods inside the spacer grids and
any foreign bodies jammed in the structure of the assembly.
This phenomenon, which is known as “fretting”, will result in
friction between the nuclear fuel rods and the contact portions
which may bring about wear of the claddings of the nuclear
fuel rods. That wear could bring about puncturing of the
claddings of the fuel rods, and therefore a release of radioac-
tive materials and gas into the water of the reactor coolant
system, which may lead to a shutdown of the reactor for
premature removal of the fuel assemblies comprising defec-
tive rods. Furthermore, when the cladding is punctured,
hydrogen generated by radiolysis of the water of the reactor
coolant system which is introduced inside the rod brings
about massive hydriding of the cladding which may lead to
fractures thereof owing to embrittlement.

A similar phenomenon of fretting exists with regard to the
inserts when the BWR control cross is constituted by struc-
tural plates which are generally composed of steel, gripping
inserts of absorbent material. The wear of the surface layer of
oxide of the insert of hafnium allows hydriding thereof and
may lead to deformation of the control cross owing to the
expansion of the hatnium under the effect of the hydriding
action. This may lead to an increase in the volume of the
material by 15%. Such deformation is unacceptable because
it may bring about an increase to the insertion duration of the
control cross, or even jamming thereof.

Furthermore, the guide tubes of the fuel assembly, which
are also constructed from zirconium alloy, are exposed to
wear owing to friction or fretting on the rods of the control
clusters, and vice versa. Such wear of the guide tubes reduces
the thickness of metal, where applicable up to puncturing
thereof, which involves a risk of causing disruption to the flow
of the heat exchange fluid and occurrences of dangerous
mechanical weakening during operation or during handling
between cycles. Wear of the rod of a cluster or of the control
cross is equally harmful, it being possible for mechanical
weakening to lead to fracturing of the component involved.

The cladding of the fuel rod is the first confinement barrier
of'the fission products, the other barriers being constituted by
the vessel of the reactor and the concrete vessel.

During normal operation (situations referred to as being of
class 1) and malfunctioning operation (situations referred to
as being of class 2), the sealing of the cladding with regard to
the fission products must therefore be ensured.

During a transient power occurrence corresponding to a
situation of class 2, the power locally reached in the fuel may
be from two to three times greater than nominal power. That
rapid increase in power brings about great expansion of the
pellets. The thermal expansion of the pellets brings it to that of
the cladding and results in the cladding being placed under
traction by the pellets and an increase in the stresses on the
internal surface of the cladding, up to a level which may
exceed the elastic limit of the material constituting the clad-
ding, thereby bringing about damage to the cladding. Further-
more, that mechanical stress takes place in the presence of an
aggressive chemical environment owing to the fission prod-
ucts, such as iodine, released by the fuel during the power
occurrence. This is referred to as Pellet Cladding Interaction
(PCI), a phenomenon which may lead to rupture of the clad-
ding.

Such rupture of the cladding is not permitted for reasons of
safety, because it could lead to the release of fission products
in the reactor coolant system of the reactor.
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It is conceivable to attempt to solve those different prob-
lems by carrying out surface processing operations of the
component involved. However, one risk is that, during these
processing operations, it may be necessary to bring the com-
ponent to a relatively high temperature, which would impair
the internal metallurgical structure and the mechanical prop-
erties of the component obtained following the production
operation.

Furthermore, it is still not desirable to process the whole of
the surface of the components. Some zones must, for
example, be left to allow subsequent welding. It is not always
easy, when the surface processing is carried out, to protect the
zones to be left. The masking of the zones to be left must be
tight, the protective material is atrisk of polluting the material
to be protected and, before the processed component is put
into operation, it is necessary to ensure that all the protective
material has been removed. Therefore, the application of
conventional surface processing methods often involves
implementation difficulties for these reasons.

This is true, for example, of internal coverings of the clad-
dings of fuel rods. Itis known to use, in the core of the nuclear
reactors, fuel assemblies which comprise rods containing a
substance which is highly absorbent with respect to neutrons,
such as gadolinium or erbium or zirconium diboride ZrB,.
The last one is in particular used in the form of an internal
covering of the cladding tubes, which is generally carried out
by surface deposition, via methods which are often complex
to carry out and which do not ensure constant quality of the
covering, with regard to its surface quality, its adhesion and
obtaining a defined and constant thickness of the covering.
Furthermore, it is often very difficult to avoid the presence of
covering in end portions of the tube at which the closure plugs
of the fuel rod subsequently have to be welded.

The fuel assembly also comprises planar elements, such as
the grid plates or bands. They must have precise mechanical
properties, which are obtained by suitable selection of the
composition thereof and the processing operations to which
they are subjected during production thereof. Again, a surface
processing operation may have a positive or negative influ-
ence on those mechanical properties, and the development of
surface processing operations which are simple and economi-
cal to implement and confer improved properties on the com-
ponent would be highly advantageous.

The sensitivity to wear of the components of hafnium
during friction on the guiding elements (guide tubes or hous-
ings) requires surface processing. That surface processing
can be carried out by diffusion of oxygen at 860° C. for
several hours under an argon/oxygen atmosphere. In this
case, itis not known how to protect the zones which have to be
subsequently processed by machining or formed. Again,
there is a need for a surface processing method which, on the
one hand, would be used at low temperature and would not
therefore excessively change the mechanical properties of the
alloy and, on the other hand, would allow efficient masking of
the zones which must not be affected by the diffusion of
oxygen.

When an improvement to corrosion resistance and/or other
mechanical or chemical properties of the component is
sought, it is possible to consider using metal or ceramic
protective coverings. However, that technology has limits
linked to the non-adhesion of the covering and the cracks
which may appear in the event of thermal cycles or mechani-
cal stresses.

It is also known that the deposit of CRUD is linked to the
precipitation by chemical reaction of colloids present in the
reactor coolant system at the surface of the rods, in particular
if that surface is rough. Document EP-A-1 486 988 proposes
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bringing about an alternating arrangement of polished and
non-polished zones on the surface of the rods in order to limit
adhesion and the growth of the oxide crystals.

Itis also possible to carry out processing operations involv-
ing diffusion by the thermochemical route of elements such as
carbon, nitrogen, boron, oxygen, etc. However, even though
they do improve the mechanical strength, some elements may
be incompatible with an application to zirconium alloys. The
diffusion of carbon and nitrogen impairs the corrosion stabil-
ity in water at high temperature, and boron is a neutron
absorbent which is converted into gaseous helium under irra-
diation. Furthermore, those processing operations must be
carried out at a temperature which is too high to maintain the
mechanical properties of the substrate. In this manner, a dif-
fusion of oxygen over a depth of approximately twenty um
could be carried out on an alloy of zirconium prepared
according to conventional methods only at a temperature in
the order of 800° C. for a few hours, which would inevitably
bring about a radical modification of the metallurgical struc-
ture of the whole of the material. That would necessitate
complete reconsideration of the prior steps of the production
method in order to obtain the final properties sought, and it is
not at all certain that it would be possible to do so.

In order to carry out a surface diffusion of oxygen over
approximately forty um on hatnium alloys, the temperature or
the duration must be even greater (930° C.-3 hours, or 860°
C.-6 hours or 800° C.-36 hours), which is incompatible with
maintaining high mechanical properties linked with a work-
hardened state (recrystallisation temperature in the order of
from 700 to 750° C.). The processing operation for diffusion
of'oxygen on hafnium at 650° C. for 6 hours results only in a
layer of oxide having a thickness of the order of 1.5 pm and a
subjacent layer of diffusion of oxygen of small thickness
(from 3 to 5 um), which is not enough for wear resistance.

SUMMARY OF THE INVENTION

An object of the invention is to provide a type of final
surface processing of zirconium or hafnium alloys, in particu-
lar for the nuclear industry, allowing improvement of the
friction properties and/or properties of resistance to different
types of corrosion, but without changing the mechanical
properties of the component which would have been carefully
adjusted by the selection and execution of the preceding steps
of the production method, or even to improve them.

To that end, the invention provides a method for surface
processing at least a portion of a component of zirconium or
hafnium alloy, characterised in that it comprises at least one
operation of nanostructuring a surface layer of the alloy so as
to confer on the alloy over a thickness of at least 5 um, a grain
size which is less than or equal to 100 nm, the nanostructuring
being carried out at a temperature which is less than or equal
to that of the last thermal processing operation to which the
component was previously subjected during its production.

The depth of the nanostructured layer is preferably at least
5 um, more preferably at least 20 um.

At least one of the nanostructurings may be carried out by
SMAT.

At least one of the nanostructurings may be carried out by
USSP.

The method may be carried out on the external surface of
the component.

The method may be carried out on an internal surface of the
component.

It is possible to carry out, after or at the same time as that
operation, a processing operation which modifies the compo-
sition of the nanostructured layer and which is carried out at
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a temperature which is less than or equal to that of the last
thermal processing operation to which the component was
previously subjected during its production.

The processing operation modifying the composition of
the nanostructured layer may be a thermochemical process-
ing operation for diffusion of one or more elements.

The diffused element may be oxygen.

Itis possible to carry out the diffusion of oxygen in an oven
under an atmosphere of Ar—O, or Ar—CO,.

The diffusion of oxygen in the nanostructured layer may be
carried out naturally during use of the component.

The diffused element(s) may be carbon and/or nitrogen.

The diffused element(s) may be selected from erbium,
gadolinium, europium, samarium, dysprosium, hafnium,
boron or admixtures thereof.

The diffused element may be chromium.

The diffusion of the diffused elements may be a codiftu-
sion or a sequenced diffusion of a plurality thereof.

The processing operation modifying the composition of
the nanostructured layer may be a processing operation for
chemical vapour deposition of one or more elements.

The zirconium or hatnium alloy may be an alloy which can
be used in the production of the components of nuclear reac-
tors.

The alloy may be a zirconium alloy comprising, as addition
elements, at least tin, iron, chromium and oxygen.

The alloy may also comprise nickel.

The alloy may comprise, as an addition element, at least
niobium, optionally also other elements, such as oxygen, iron
and/or tin.

The invention also relates to a component of zirconium
alloy, characterised in that it has been surface processed by
the above method.

It may be an element for a nuclear fuel assembly.

The alloy may be a hafnium alloy comprising, as addition
elements, at least oxygen and iron and a maximum of 2.5%,
preferably a maximum of 1%, of residual zirconium.

The invention also relates to a component of hathium alloy,
characterised in that it has been surface processed by the
above method.

It may be a neutron absorbent component for a control
cluster or control cross of a nuclear reactor.

As will have been understood, the invention is firstly based
on carrying out a mechanical processing operation of nano-
structuring of the surface of the zirconium or hafnium alloy
by substantial plastic surface deformation.

The depth over which that structural transformation is car-
ried out depends on the objective thereof. A depth of at least
5 um for physicochemical applications (corrosion, relaxation,
pressure drops, etc.) and at least 12 pm for mechanical appli-
cations (wear, friction under load) allows an improvement in
the behaviour in terms of corrosion and/or thermohydraulics
(pressure drops, boiling, thermal transfers, non-nucleation of
deposits of oxides).

A depth ofa few tens of um (from 15 to 50 um, for example)
is suitable for limiting the wear of the material.

A depth of a few tens of um (from 50 to 250 pm, for
example) is suitable for integrating neutron poisons.

That nanostructuring involves refining the microstructure
of the material, which is generally microscopic (from 1 to 10
um) after the processing operations, until a size of the grains
is obtained that is less than 100 nm, preferably of the order of
30 nm or less, corresponding practically to an amorphous
structure being obtained.

That nanostructuring alone may already be sufficient to
improve the friction properties of the component processed,
and its fatigue resistance, because of the surface work-hard-
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ening which it involves. However, that structure is not always
capable of being maintained for all the components under
operating conditions of a nuclear reactor because of the
recrystallisation owing to being kept for several thousands of
hours at the high temperatures reached and the irradiation.

That nanostructuring constitutes a favourable background
for carrying out surface processing operations at relatively
low temperature because it increases by several powers of ten
the flux of intergranular diffusion.

In particular, it becomes possible to produce at moderate
temperature (thatis to say, in particular below the temperature
for the last thermal processing operations of the processing
sequence of the components of zirconium, that is, for some of
them, from 480 to 560° C. in accordance with the relaxed or
recrystallised metallurgical state thereof) a diffusion layer of
oxygen over a thickness corresponding to the depth of the
nanostructured zone (for example, of the order of 20 pm and
higher), without great formation of zircon (except for in some
specific cases where the formation of a surface layer of zircon
is desirable, but on condition that it can become fixed to a
diffusion layer which is enriched with oxygen, which the
nanostructuring of the surface allows to be obtained).

Similarly in relation to hafnium, it becomes possible to
carry out a diffusion of oxygen at 600° C. over a depth of
approximately forty um.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be better understood from a reading of
the following description, which is given with reference to the
following appended Figures, in which:

FIG.11s a metallographic section of the surface of a tube of
Zircaloy 4 which has been subjected to nanostructuring
according to the invention;

FIG. 2 is a metallographic section of a test-piece compa-
rable with that of FIG. 1, after spending 15 hours under air at
450° C.;

FIG. 3 shows the content of oxygen in the surface layers of
test-pieces of Zircaloy 4 which may or may not have been
subjected to a nanostructuring processing operation accord-
ing to the invention;

FIG. 4 shows the content of oxygen of those same surface
layers after spending 15 hours under air at 450° C.

DETAILED DESCRIPTION

Various methods for processing the surface of a material
without addition of material result in such nanostructuring
and can be used in the context of the invention. Some of them
will now be described, but the listing thereof must not be
considered to be exhaustive.

It includes peening by means of balls, which are harder
than the substrate and are constructed from steel or zircon
(that material being most suitable for limiting any risk of
contamination of the zirconium), or less hard (such as ice and
dry ice). Peening may be used, in known manner, to produce
compression stresses at the surface of the components in
order to improve the behaviour thereof in terms of wear,
fatigue or corrosion.

However, it is important to determine the precise method of
peening in order to obtain optimum results in terms of quality
of'the final product and cost of the operation, in order to solve
the problems set out to which the invention relates, in particu-
lar when a diffusion of one or more elements in the nanostruc-
tured layer is carried out afterwards.

Various other mechanical processing techniques may be
envisaged in order to carry out the nanostructuring of the
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surface layers on metal materials by using high surface
stresses, such as discharge peening, processing by laser peen-
ing, micro-cavitation (water jet), surface rolling and ultra-
rapid processing.

The SMAT method (Surface Mechanical Attrition Treat-
ment), described, for example, in “Materials, Science and
Engineering A 375-377 (2004) 38-45)” or in the document
WO-A-02/10462, allows nanostructuring of the surface of a
metal material by the introduction of defects and/or interfaces
into the grains of material which will lead to multiplication of
the sub-grains. Bombarding the surface with smooth spheri-
cal balls is brought about by vibrating those balls in a cham-
ber, of which one of the walls vibrates and another wall is
constituted by the surface to be processed. The balls may have
a size of from 1 to 10 mm and be constituted of various
materials. The vibration frequency of the chamber is from 50
to 20000 Hz, so that the excited balls rebound against the
walls, collide with each other and bombard the surface to be
processed in a wide range of directions and speeds for a short
time. The speed of the balls is from 1 to 20 m/s depending on
the vibration frequency, the size of the balls and the distance
between the wall to be processed and the vibrating wall. Each
impact brings about plastic deformation. Consequently, the
multiplication of the multidirectional impacts results in
severe plastic deformation and progressive reduction of the
grain size, until a nanometric size is obtained over the whole
of'the peened surface.

As a general rule, the size of the grains gradually increases,
from the surface as far as a depth of approximately fifty pm,
from a few nm at the surface to approximately a hundred nm
at depth. Beyond (down to a depth of approximately 100 um),
a layer having a refined structure comprising crystallites of
submicronic size is found. In deeper layers, the grains are
deformed with the presence of all sorts of dislocation con-
figurations, such as dense stacks, interlacings and cells of
dislocations.

A comparison of the SMAT and conventional peening,
referred to as shot-peening (SP), in which ultra-sound is not
used, gives rise to the appearance of several differences. The
size of the balls may be higher in SMAT (from 1 to 10 mm)
than in SP (from 0.2 to 1 mm). The surface of the balls must
be as smooth as possible at risk of aggravating the phenomena
of abrasion of the surface. The speed of the balls in SMAT is
far less (from 1 to 20 m/s) than that of conventional peening
(typically approximately 100 m/s). SP is quite a directional
method (the flow of balls is normal relative to the surface). In
SMAT, however, the impacts are multi-directional which is
necessary to bring about refinement of the structure of the
grains.

In one ofthe embodiments of the SMAT method described,
for example, in document FR2812285, the balls are directed
onto the surface of the component by means of a projection
nozzle which is movable in translation and/or rotation (unless
it is the component itself which moves in front of the nozzle
which remains fixed in position). The balls are completely
spherical, and their ricochets against the walls of the vessel,
which is conical or hemispherical, are adjusted to cause them
to strike the surface of the component a large number of times,
in accordance with different and varied directions of inci-
dence. The balls are recovered by gravity and returned to the
nozzle. By provision of a high frequency of the ultrasound (50
kHz, for example) and a duration of the processing operation
that is sufficient (from a few minutes to 1 hour, for example),
the nanostructuring of the surface processed may involve a
layer which may be up to several tens of um. In another
embodiment of the method described in document
W0200210463, the surface to be processed constitutes the



US 9,340,845 B2

9

wall of a box containing the balls, the box as a whole being
agitated so that the movement of the balls peens the surface to
be processed.

The method of peening by ultra-sound USSP (Ultrasonic
Shot Peening), described in document FR-A-2 689 431, is an
application under conditions which are slightly different from
the basic principle of SMAT. It involves introducing the com-
ponent to be processed into a closed vessel and therein caus-
ing hard metal or ceramic balls, having a diameter of approxi-
mately from 0.1 to 3 mm, to move by means of an ultrasound
generator (approximately 20 kHz). It moves in order to carry
out a regular processing operation for the whole of the surface
of the component. That method is advantageous when it is
desirable to obtain nanostructuring only over a depth limited
to a few tens of um.

Generally, ultrasonic peening methods have a number of
advantages over more conventional methods, in the context of
the invention.

It is possible to select the geometry of the chamber and the
peening parameters in accordance with the form of the com-
ponent to be processed, in order to obtain homogeneous pro-
cessing over the whole of the surfaces.

Itis notnecessary to disassemble the component in order to
carry out processing.

The peening parameters can be controlled with precision,
ensuring good reproducibility of the results.

The processing operations may be relatively short.

In contact with the vibrating walls, the balls are projected,
colliding with each other and moving at random in the vessel
during processing, in the manner of the molecules of a gas. In
this manner, there is obtained homogeneous processing in the
whole of the volume of the vessel.

The coverage rate may rapidly reach the desired values of,
for example, from 200 to 400% (in other words, in that
example, each point of the surface to be processed is sub-
jected to from 2 to 4 ball impacts for the duration of process-
ing).

The cost is low in relation to peening, which would use a jet
of compressed air, because it is readily possible to recover the
peening balls, which are expensive.

Since the balls are recovered and reused during the whole
processing operation, it is possible to use a relatively small
number thereof, but of a quality which is high and constant in
terms of great hardness and spherical shape, thereby keeping
the cost of the processing within very acceptable limits. That
high quality of the balls allows the surface state of the com-
ponent to be impaired less than with balls of usual quality. In
this manner, the fatigue resistance of the component is
improved, the risk of the balls breaking during processing is
reduced, as is damage to the surface of the component which
it would cause, and good reproducibility of the processing is
ensured.

Finally, when it is desirable to process the internal surface
of'atube, such as a fuel cladding or a guide tube, it is possible
to use the tube itself as a vessel for processing, if balls having
a sufficiently small diameter are used.

The zones which must not be processed can be masked by
screens.

It is possible to envisage carrying out a plurality of succes-
sive nanostructuring operations, optionally by different meth-
ods, for example, in order to obtain a gradient of properties in
accordance with the thickness of the product, which might be
beneficial for the subsequent processing operations. In this
manner, a first mean but deep nanostructuring may be fol-
lowed by a second nanostructuring which is finer and more
superficial. An object of the first nanostructuring, for
example, would be to affect the mechanical properties of the
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material in terms of depth, whilst an object of the second nano
structuring, for example, would be to reduce the adhesion of
the CRUD.

After that nanostructuring of the upper layer of the com-
ponent, it is subsequently possible, according to a variant of
the invention, to carry out processing involving diffusion of
oxygen inside the nanostructured layer, but preventing as
much as possible the formation of zircon (when the compo-
nent processed is of an alloy of Zr). The diffusion of other
elements, such as nitrogen, carbon, erbium, gadolinium,
europium, samarium, dysprosium, hafnium, boron (the list
not being exhaustive), may also be envisaged in order to
obtain various effects. The diftfusion of oxygen, without sig-
nificant formation of zircon, is particularly indicated in order
to increase the corrosion resistance of the surface processed.

Optionally, the diffusion processing can be carried out
simultaneously with the nanostructuring, if the processing
temperature is compatible with satisfactory execution of the
two operations.

In order to carry out that diffusion, it is necessary to select
the temperature and duration of the processing, and the
medium providing the element to be diffused, for example,
oxygen.

The superficial concentration of the diffusing element, the
temperature and the duration control the diffusion of the
chemical element. They must be selected to allow that diffu-
sion with the results intended, but also so as not to impair the
mechanical properties obtained during the preceding process-
ing operations. Therefore, the temperature must not in theory
exceed that of the last thermal processing operation preceding
the processing operation according to the invention which
allowed the final mechanical properties to be obtained. Also,
the temperature and the processing time must not impair the
nanostructure of the surface obtained during the first step, in
particular by an increase in the grains and relaxation of the
stresses. A temperature of from 400 to 560° C. is very suitable
for processing the external surface of a cladding of an alloy of
zirconium, for example, of the type Zircaloy 4 or M5®.

As for the medium providing oxygen, if it is that element
which it is desirable to diffuse, it may be preferable to avoid
air because it would introduce a small amount of nitrogen into
the diffusion layer, which is not always desirable, for reasons
of corrosion resistance, if the alloy already initially has a
content of nitrogen similar to the maximum acceptable. Water
can result in superficial hydriding which is detrimental to
mechanical properties. The media Ar—O, and Ar—CO, are
therefore among the most recommended elements to that end.

Generally, the partial pressure of oxygen must not be so
great as to lead to the preferential formation of oxide in
relation to the diffusion of atomic oxygen, at least away from
the extreme surface of the nanostructured layer. A medium
Ar—O, with from 3 to 20% of oxygen, or air (with the
reservations set out above), or a medium with a higher content
of'oxygen but under pressure reduced by a few mbar (from 0.5
to 5) may be recommended to that end.

The operation may be carried out in an open oven, with a
constant flow of oxygen. The surface of the component is
charged with oxygen until it reaches the superficial concen-
tration of equilibrium, then an equilibrium becomes estab-
lished between the incoming flow at the surface and the flow
diffusing towards the interior of the component. The thick-
ness of the layer of oxide and that of the diffusion layer
increase according to the laws of diffusion.

The operation may also be carried out in a closed oven,
therefore initially containing a given quantity of oxygen
which is not subsequently replenished. The quantity of oxy-
gen available limits the thickening of the layer of oxide,
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whilst the diffusion layer continues to increase so long as the
content of oxygen of the interface metal/oxide remains high,
that is to say, so long as a layer of oxide remains.

In both cases, the objective is to bring about, over the
desired depth (of from a few um to several tens of um),
oversaturation with oxygen of the surface of the metal, whilst
minimising the increase in the superficial layer of oxide.

Also, in place of processing by diffusion of oxygen or
another element, it is possible to envisage carrying out super-
ficial processing of the nanostructured surface by chemical
vapour deposition (CVD or MOCVD). That operation may
involve, for example, local deposit of a consumable poison
(erbium or gadolinium, for example) on the internal wall of
the claddings of the fuel rods. However, diffusion of those
elements in the nanostructured surface, which is carried outin
a manner comparable with that described for the diffusion of
oxygen, is also possible. In such a method, the preliminary
nanostructuring is capable of:

promoting the initial reactivity of the surface, which allows
a reduction in the deposit temperature and limits the reaction
in a homogeneous phase;

promoting superficial diffusion, particularly at low tem-
perature, which will increase the adhesion of the deposit;

limiting the reorientation of the grains during the increase
in the layer whilst maintaining the effect of “initial disorder”
(less basaltic or columnar growth).

Again, in order not to impair the properties and structures
obtained by the preceding processing operations, that super-
ficial processing must not be carried out at a temperature
greater than that of the last thermal processing operation
which preceded the nanostructuring.

One possibility also involves carrying out a first nanostruc-
turing over a relatively large depth, then a processing opera-
tion taking advantage of that nano structuring, such as a
diffusion of oxygen involving at least the majority of that
nanostructured layer. Subsequently, it is possible to carry out
at least one other finer nanostructuring operation over a
smaller depth than the first one, that other nanostructuring
itself being able to be accompanied or followed by a process-
ing operation taking advantage of it, which may be, for
example, additional diffusion of oxygen or another element,
chemical vapour deposit, etc.

The method according to the invention may be carried out
over the whole of the component involved, or only over a
portion thereof, where it would be particularly advantageous,
whilst it would be superfluous or not recommended over the
remainder of the component.

Itis also possible to envisage that the diffusion of oxygen in
the nanostructured layer is carried out in a natural manner
during use of the component, if it is exposed to a medium
capable of releasing that oxygen (for example, by oxidation
during exposure to water at high temperature).

Some applications of the invention which it is possible to
set out in a non-limiting manner are as follows:

protection of the exterior of a cladding of a fuel rod against
oxidation and hydridation, increasing the wear resistance
thereof, reducing the adhesion of the muds formed by corro-
sion products (“CRUD”), reduction of the pressure drops,
increasing the mechanical properties; to thatend, it is possible
to carry out nanostructuring by SMAT, followed or accom-
panied by a diffusion of oxygen; a diffusion of carbon or
chromium may also be envisaged to protect the cladding
against corrosion;

protection of the interior of that same cladding against
interaction between pellets/claddings (PCI) and against sec-
ondary hydridation, and improvement of its mechanical prop-
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erties; to that end, it is possible to carry out a nanostructuring
by SMAT, followed or accompanied by a diftusion of oxygen;

local deposit of a consumable poison (such as erbium or
gadolinium) on the internal wall of the claddings, by nano-
structuring by SMAT then diffusion of the poison in the
nanostructured layer, or deposit of the poison by CVD;

protection of the interior of the guide tubes against wear by
the ends of the control clusters, and increase of the mechani-
cal properties of the guide tubes, by nanostructuring of their
surface followed by a subsequent diffusion of oxygen;

mechanical nanostructuring processing, optionally fol-
lowed by a diffusion processing operation carried out over the
surface of the grid springs of zirconium alloy, in order to
promote the sliding thereof against the fuel rods and the
electrochemical behaviour in order to limit the risks of wear
and localised corrosion thereof, a nanostructuring by USSP
may be sufficient to that end; the diffused element may be
oxygen;

processing components of hafnium for neutron absorption,
by SMAT nanostructuring of the surface thereof, then diffu-
sion of oxygen, for the purpose of improving the wear resis-
tance thereof;

processing components of zirconium alloy and/or hafnium
(not subjected to corrosion stresses by water or vapour at high
temperature) by SMAT nanostructuring of the surface
thereof, then diffusion of nitrogen (by gas or ion nitriding at
from 300 to 600° C.), for the purpose of improving the wear
resistance thereof.

The invention can also be used in fields other than the
nuclear industry, for applications in which nanostructuring of
the surface of a zirconium or hatnium alloy, optionally fol-
lowed by physicochemical processing (diffusion, CVD, etc.),
would seem to be advantageous.

Examples of processing operations carried out according
to the invention will now be described in a detailed manner.

Anti-Wear Processing of the External Surface of the Fuel
Rods

Nuclear fuel cladding tubes of zirconium alloy, having a
length of approximately 4 m and a thickness of approximately
from 0.5 to 0.6 mm, are processed externally, after the last
rolling pass, during a mechanical surface processing opera-
tion by peening using balls of zircon having a diameter of
from 0.5 to 2.5 mm. Using balls of zircon prevents any con-
tamination of the alloy which could subsequently become
evident as a weakening of the water corrosion resistance of
the reactor coolant system.

The agitation of the balls is brought about by the base of a
chamber vibrating at high frequency (from 5000 to 20000
Hz), each tube extending through that chamber. The vibration
amplitude is selected to be in the range of from 20 to 100 um
(depending on the diameter of balls selected). The duration of
the mechanical processing is approximately from 5 to 15
minutes. In order to improve the homogeneity of the process-
ing, the tubes are rotated (from 1 to 2 rpm).

The processing can be carried out in a single operation (if
the chamber is quite long), or in a plurality of sequences with
the tubes being advanced step by step with covering, or mov-
ing with continuous advance. The ends of the tubes are not
processed. To that end, it is simply necessary not to pass the
ends into the chamber when the balls are moving.

After that mechanical activation of the surface, the tubes
are subjected to thermochemical processing under an atmo-
sphere of Ar—O, (from 3 to 15% of O, under from 0.5to 5
mbar) at a temperature less than the temperature of the last
thermal processing operation, for example, for 15 hours at
400° C. for tubes of Zircaloy 4. There follows introduction of
oxygen in the form of a solid solution over a depth of approxi-
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mately 20 um without formation of a layer of zircon of more
than 1 um over the entire mechanically activated surface, the
non-activated ends not having diffusion of oxygen and a tiny
superficial oxidation (less than 500 nm).

That thermomechanical processing operation may be car-
ried out after the last thermal processing operation which was
carried out at reduced pressure or under non-oxidising gas. It
may also, for the sake of energy economy and minimising
handling operations, be carried out at the same time as the
thermal processing by introducing the oxidising mixture into
the oven at the desired temperature.

The claddings processed in this manner may be subjected
to all the finishing operations still to be carried out, then be
welded to the plugs of fuel rods without the welding being
affected by the presence of oxygen. The hardening of the
external surface prevents the appearance of production
defects following impacts, prevents changes to the surface of
the rods during insertion thereof into the fuel assembly, which
may impair the corrosion resistance thereof in the event of
remaining for a long time in the reactor, reinforces the wear
resistance of the rod at the locations of contact with the grids
of the assembly and by migrating bodies which are some-
times present in the reactor coolant system.

FIGS. 1 to 4 illustrate the effects of such a processing
operation. They relate to the tube test-pieces of Zircaloy 4.

FIG. 1 shows the nanostructuring state of the surface layer
of'those tubes in the relaxed state, after USSP peening carried
out for 15 minutes with balls of zircon having a diameter of
0.8 mm. The amplitude of the vibrations was 50 um and their
frequency was 20 kHz. Those processing conditions involve
relatively little energy and led to a nanostructuring only over
a thickness of a few um. It would have been possible to carry
it out over a greater thickness.

FIG. 2 shows (in the phase composition mode) the surface
layers of that same tube after it has remained for 15 hours
under air at 450° C. That time spent therein has brought about
the formation ofa layer of zircon 1 of the order of thickness of
1 um at an extreme surface, but has not caused deeper oxida-
tion of the metal in the form of zircon. However, it has caused
the diffusion of atomic oxygen in the nanostructured layer, as
shown in FIG. 4.

FIG. 3 shows the content of oxygen at an extreme surface
of test-pieces comparable with those of FIG. 1 (therefore,
before processing in air), when there has not been nanostruc-
turing of the surface layers (reference) and nanostructurings
having increasing energy levels (invention 1 to invention 4). It
is measured by electron dispersion spectrometry (EDS). It
can be seen that, in all the test-pieces, that content is of the
order of less than 3% over a thickness of approximately 8 pm.
The peening constitutions of the test-pieces are set out in
Table 1.

TABLE 1
Conditions for peening the test-pieces
Diameter of the Amplitude Processing

balls of vibration duration
Reference Not peened
Invention 1 0.85 mm 25 pm 15 min
Invention 2 1.6-2.5 mm 25 pm 10 min
Invention 3 0.85 mm 40 pm 10 min
Invention 4 0.85 mm 52 pm 10 min

FIG. 4 shows that same content of oxygen in the test-pieces
after they have been processed under air at 450° C. for 15
hours. At an extreme surface, there can be seen in all cases, to
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different extents, the formation of a surface layer of zircon
which leads to a very substantial increase of the content of
oxygen over a thickness of the order of 1.5 um. However, the
superficially nanostructured test-pieces behave differently
from the reference test-piece which is not nanostructured, and
even more so because the nanostructuring has been carried
out with higher energy. In their case, there can be seen a
substantially higher content of oxygen at an extreme surface,
and a distinctly more progressive reduction of the content of
oxygen in accordance with the depth of the surface layer. That
content of oxygen finds its normal level for a depth of
approximately 2 um. By a comparison of FIGS. 2 and 4 which
correspond to the example “invention 4” above, it can be seen
that beyond 1 pum in the example in question the increase of
the content of oxygen does not correspond to the formation of
zircon, but does correspond to a diffusion of atomic oxygen,
as sought according to the invention.

b) Anti-Wear Processing of the Internal Surface of the
Guide Tubes

Nuclear fuel guide tubes of zirconium alloy having a length
of approximately 4 m and a thickness of approximately 0.4
mm are processed internally over their upper portion, after the
last rolling pass, during a mechanical surface processing
operation by peening using balls of zircon having a diameter
of from 0.5 to 1.5 mm. The balls introduced into each tube, in
a portion limited by removable plugs, are agitated by ultra-
sound agitation of the guide tube itself or by introduction of
anultrasonic vibrating element inside each tube. The process-
ing conditions are similar to those of the preceding example.
The zones which have to be welded to the grids in order to
form the skeleton of the assembly can be welded without fear
of the effect of the presence of oxygen because those zones,
which have not been mechanically activated owing to the
screens, also will not be oxidised.

There follows a diffusion similar to that of the preceding
example inside the guide tube, which allows an increase in the
wear resistance thereof by the rods of control clusters perma-
nently inserted in the guide tubes and subjected to transverse
fluxes causing them to vibrate. The risk of the guide tubes
becoming punctured, which would disrupt hydraulic flows, or
the wall becoming thinner, which would impair the mechani-
cal strength during handling of assemblies, is eliminated.

¢) Incorporation of Consumable Poisons in an Alloy of Zr

The interior of the fuel claddings is activated mechanically
as in the preceding example. Ball bearings of steel or nickel
alloy can be used because corrosion phenomena do not really
have to be feared inside the rods. They may have a size which
is slightly greater than those of the preceding examples, that
is, from 1 to 4 mm. Consequently, the energy efficiency of the
activation processing operation is greater and the depth
affected may be up to from 100 to 300 um.

The thermochemical processing operation is carried out at
a temperature less than the temperature of the last thermal
processing operation of the alloys (this is approximately 480°
C. in order to obtain a relaxed state, approximately 560° C. in
order to obtain a recrystallised state, it naturally being pos-
sible for those temperatures to vary substantially in accor-
dance with the precise composition of the alloy and the
method of obtaining the component). It is carried out by
introducing a reaction gas inside the tubes (for example, a
carrier gas Ar—H, and organometallic compound of erbium,
such as the §-diketones chelates, cyclopentadienides or halo-
genides complexed by halogenides of aluminum, for
example).

During the thermal processing operation, the organometal-
lic is decomposed or reduced and the erbium released diffuses
over the entire activated depth. In this manner, enrichment
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with erbium is obtained over a depth which may be up to 300
um and a content of the order of 20%.

That enrichment with consumable poison (which may be
not only erbium but also another element of the class of the
rare earths, such as gadolinium, dysprosium, europium,
samarium, or hafnium, or boron, and admixtures of those
elements), equivalent to a content of up to 3% in the entire
thickness of the cladding, is sufficient to allow the desired
optimisation of the neutron flux during the life of the fuel
without causing an increase in pressure in the rod (absorbent
of'the type n-y and not of the type n-a), without affecting the
mechanical strength of the cladding, or its corrosion resis-
tance.

In a variant of that example, there is carried out, after
activation of the surface, not a diffusion of an absorbent
element, but a deposit of oxide of that element. In that manner,
there is added to the reduction gas Ar—H, and reaction gas
containing the precursor, for example, in the form of -dike-
tones chelates, cyclopentadienides or halogenides complexed
by halogenides of aluminium, an oxidising element, such as
carbonic gas CO,. In this manner, there is obtained a deposit
of erbium oxide increasing at from 2 to 4 pm/h with an
excellent adhesion owing to the diffusion in the interface
zone. Since the quantity equivalent to 3% of the cladding
which is approximately 600 um thick is 18 um of metallic
erbium or 20.6 um of Er,O;, that deposit is effectively
obtained in approximately ten hours.

The activation and diffusion processing operations may
also be carried out on tube blanks before the last rolling pass,
which allows advantage to be taken of a greater temperature
range for diffusion (up to 800° C.) and therefore of a greater
quantity of absorbent in a short time.

d) Anti-CRUD Processing of the External Surface of the
Fuel Claddings

As in the first example, the external surface of the fuel
claddings is activated, but over a small depth (approximately
5 um), reducing the processing time and the energy of the
balls (diameter of less than 1 mm and vibration amplitude of
less than 50 pm). The thermomechanical processing is carried
out at the temperature of the last thermal processing opera-
tion. In this manner, there is obtained a very coherent layer of
zircon of from 1 to 2 pum thick, solidly secured to a layer in
which oxygen has diffused over approximately 5 um. That
smooth layer of zircon, which is chemically inert, allows, in
the reactor, prevention of germination of nodules of oxides
from the ions in solution in the reactor coolant system, and
therefore scaling of the claddings with CRUD, which is det-
rimental to the thermal transfer of the rod and which promotes
corrosion of the cladding in the region of the cracks of those
occurrences of CRUD. That smooth layer of zircon which is
chemically inert also limits pressure drops during the flow of
the coolant fluid over the rods.

e) Improvement of the Resistance of the Grid Plates to
Mechanical Damage

During the production of the grids, the zirconium alloy
band is activated, at each face, by peening using balls of
zircon over a depth of approximately 20 um. The presence of
superficial compression stresses limits the initial appearance
of cracks during cutting and forming of the grid plates by
swaging the band. After assembly of the grid and welding, the
whole of the grid is processed at approximately 450° C. for a
few hours under an atmosphere of Ar—O, (from 3 to 15% of
O, under from 0.5 to 5 mbar).

The thermomechanical processing leads, as in the preced-
ing example, to the formation of a fine layer of smooth and
coherent zircon, which adheres securely to the substrate
owing to the presence of the diffusion layer enriched with
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oxygen. That layer of zircon promotes the reduction of pres-
sure drops, and mechanical reinforcement of the support ele-
ments of the fuel rods. The risk of deformation of those
support elements by creeping is therefore reduced, which
leads to better retention of the rods during the cycles in the
reactor.

f) Improvement of the Wear Resistance of Absorbent Bars
and Plates of Hafnium

The external surface of components of hafnium, which are
used as components of a control cluster or a control cross of
nuclear reactors, is activated by peening by balls of zircon as
in the first example over a depth of approximately 50 uM. A
thermomechanical processing operation under Ar—O, at
650° C. (from 3 to 15% of O, under from 0.5 to 5 mbar) allows
a diffusion of oxygen to be obtained over approximately 50
um, and therefore ensures the wear resistance of the linear
portion of the control clusters against the guiding boards or
during continuous guiding and of the lower end against the
guide tubes of the fuel assembly or of the control crosses
against the housing of the fuel assemblies.

That processing is carried out over a portion or over the
whole of the components, except for the upper connection
zone, before assembly in rods of control clusters or in control
crosses, then at the connections of those rods or plates, once
they are complete.

g) Improvement of the Wear Resistance of a Component of
Zirconium Alloy and/or Hafnium Alloy not Loaded by Cor-
rosion in Water or Vapour at High Temperature.

These are metal-working components for chemical or
nuclear use which are loaded in terms of wear (components of
pumps, valves, connectors, vessels, etc.).

The external surface is activated by peening by balls of
zircon, steel or even alloy 718 as in the preceding examples
over a depth of approximately from 20 to 150 um in accor-
dance with stresses in terms of wear (pitting, abrasion, ero-
sion, cavitation or fatigue).

Subsequent diffusion of nitrogen, carbon or nitrogen and
carbon is carried out at low temperature (from 400 to 550° C.
for zirconium alloys, from 600 to 650° C. for hatnium) by
thermochemical methods in the gas or plasma phase. To that
end, the precursor gas may be based on ammonia, a hydro-
carbon, such as propane or propene in the case of the gaseous
method or nitrogen and/or methane in the case of the ion
method. The diffusion of nitrogen and carbon reaches the
nanostructured depth in a few hours. The associated harden-
ing protects from wear. The zones omitted during the peening
do not have any diffusion and may be formed and welded
subsequently.

The invention claimed is:

1. A method for surface processing at least a portion of a
component of zirconium or hathium alloy, comprising at least
one operation of nanostructuring a surface layer of the alloy
s0 as to confer on the alloy over a thickness of at least 5 um a
grain size less than or equal to 100 nm, the at least one
operation of nanostructuring being carried out at a tempera-
ture less than or equal to a temperature of a last thermal
processing operation the component was previously sub-
jected during a production of the component.

2. The method according to claim 1 wherein at least one of
the operations of nanostructuring is carried out by SMAT.

3. The method according to claim 1 wherein at least one of
the operations of nanostructuring is carried out by USSP.

4. The method according to claim 1 wherein the method is
carried out on an external surface of the component.

5. The method according to claim 1 wherein the method is
carried out on an internal surface of the component.
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6. The method according to claim 1 further comprising a
processing operation either simultaneously or after the at
least one operation of nanostructuring, the processing opera-
tion modifying a composition of a nanostructured layer, the
processing operation being performed at a temperature less
than or equal to a temperature of the last thermal processing
operation the component was previously subjected during the
production of the component.

7. The method according to claim 6 wherein the processing
operation modifying the composition of the nanostructured
layer is a thermochemical processing operation for diffusion
of one or more elements.

8. The method according to claim 7 wherein the diffused
element is oxygen.

9. The method according to claim 8 wherein the diffusion
of oxygen is carried out in an oven under an atmosphere of
Ar—0O, or Ar—COQO,,.

10. The method according to claim 9 wherein the diffusion
of oxygen in the nanostructured layer is carried out naturally
during use of the component.

11. The method according to claim 7 wherein the one or
more diffused elements are carbon and/or nitrogen.

12. The method according to claim 7 wherein the one or
more diffused elements is selected from erbium, gadolinium,
europium, samarium, dysprosium, hafnium, boron or admix-
tures thereof.
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13. The method according to claim 7 wherein the one or
more diffused elements is chromium.

14. The method according to claim 7 wherein the process-
ing operation includes codiffusion or successive diffusion of
a plurality of elements.

15. The method according to claim 6 wherein the process-
ing operation modifying the composition of the nanostruc-
tured layer is a processing operation for chemical vapor depo-
sition of one or more elements.

16. The method according to claim 1 wherein the zirco-
nium or hafnium alloy is an alloy which can be used in the
production of the components used in nuclear reactors.

17. The method according to claim 16 wherein the alloy is
a zirconium alloy comprising, as addition elements, at least
tin, iron, chromium and oxygen.

18. The method according to claim 17 wherein the alloy
further comprises nickel.

19. The method according to claim 17 wherein the alloy
further comprises niobium.

20. The method according to claim 19 wherein the alloy
also comprises nickel.

21. The method according to claim 1 wherein the alloy is a
hafnium alloy comprising, as addition elements, at least oxy-
gen and iron and a maximum of 2.5% of residual zirconium.

22. The method as recited in claim 21 wherein the maxi-
mum of residual zirconium is 1%.
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